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http://dx.doi.org/10.1016/j.jfma.201Background/Purpose: To reduce the polymerization shrinkage of dental composite resin, we
used two different ratios of toluene 2,4-diisocyanate (TDI) or 1,6-hexamethylene diisocyanate
(HDI) as functional side chains of bisphenol A-glycidyl methacrylate (bis-GMA) to synthesize
two series of new dental resin matrices. This study evaluated the biocompatibility and cytotox-
icity of these two series of new resin matrices.
Methods: Two series of new dental resin matrices with the ratios of TDI or HDI functional side
chain to bis-GMA (defined as B group) being 1:4, 1:2, 1:1 and 3:2 (defined as T1/4, T1/2, T1,
T3/2, and H1/4, H1/2, H1, H3/2 groups, respectively) were synthesized. Each resin sample was
light cured and immersed in the culture medium for 24 hours to make the extract solution.
Then, human gingival fibroblasts were cultured in different extract solutions for 72 hours.
The cytotoxicities of different resins were evaluated by microtitertetrazolium (MTT) assay,
the levels of cell-produced reactive oxygen species (ROS) induced by different extract solu-
tions was measured.
Results: Resins of the T1/4 and B groups revealed significantly higher cytotoxicity than resins
of other groups. However, resins of the T1 and T3/2 groups exhibited less cytotoxicity. In
general, resins of the TDI-modified groups showed equal or less cytotoxicity and induced equal
or lower levels of ROS than the corresponding resins of the HDI-modified and B groups.
Conclusion: Our results showed that the TDI-modified resin matrices containing more func-
tional side chains were less cytotoxic than the corresponding HDI-modified resin matrices.
When the ratio of functional side chain to bis-GMA is increased, the stereo hindrance of resin
structure is increased, more toxic resin monomers are trapped in the complicated resinave no conflicts of interest relevant to this article.
Street, Taipei 10048, Taiwan.
(W.-Y. Tseng).
ight ª 2012, Elsevier Taiwan LLC & Formosan Medical Association. All rights reserved.
2.07.008
350 Y.-D. Jan et al.structure, and thus the resin matrix reveals less cytotoxicity. The TDI-modified resin matrices
exhibit higher stereo hindrance of resin structure and thus show less cytotoxicity than the cor-
responding HDI-modified resin matrices.
Copyright ª 2012, Elsevier Taiwan LLC & Formosan Medical Association. All rights reserved.Introduction
Resin composites are widely used in daily practice of
modern esthetic dentistry because of their superior
esthetic quality and simple operation technique. However,
there are still some problems. The high polymerization
shrinkage of resin composites could be the major reason
that results in the failure of restorations, such as post-
operative pain, tooth fracture, opening of margins, micro-
leakage, and secondary caries.1,2 It is a challenge for
scientists and dentists to develop new resin composites
with higher esthetic quality and lower polymerization
shrinkage.
Resin composite is composed of organic polymer matrix,
inorganic fillers, coupling agent, and initiator-accelerator
system.3 The main composition of resin matrix is bisphenol
A-glycidyl methacrylate (bis-GMA), urethane dimethacry-
late (UDMA), and triethylene glycol dimethacrylate
(TEGDMA). Due to the high viscosity and multiple functional
groups of bis-GMA and UDMA, low viscosity monomer, such
as TEGDMA, is required to be the diluent monomer.4,5 To
overcome the shrinkage properties of dental composite
resins, there are two aspects of researches. One is the
substitution of chemical formulation to improve the prop-
erties of composite resins, and the other is focused on
changing curing condition of composite resins to alter the
final properties.6 The recent development of new modified
resin matrix formula could be divided into several direc-
tions, including ring-opening polymerization, hyper-
branched polymers, and other strategies.7 The modified
hyperbranched polymers could fulfill the ideal goals for
dental composite resins because of their low viscosity, low
shrinkage, and good mechanical strengths.8
In varied researches, the percentage of the reacted
double bonds is from 35% to 80%.3 The residual uncured
monomers can leach out when resin composites are
immersed in water or saliva, and can cause adverse local or
systemic effects.9,10 The toxicity of methacrylate mono-
mers has been widely investigated in several in vitro
studies. Although the exact mechanism of the observed
toxicity is still not clear, some studies pointed out that
reduced level of cellular glutathione (GSH)11 and increased
level of reactive oxygen species (ROS)12,13 are found to be
the early events in various cell types. The increased ROS
level has been suggested as the primary reason for the DNA
damage in methacrylate exposed cells.14
In this study, two series of new dental resin matrices
with the ratios of toluene 2,4-diisocyanate (TDI) or 1,6-
hexamethylene diisocyanate (HDI) functional side chain to
bisphenol A-glycidyl methacrylate (bis-GMA) being 1:4, 1:2,
1:1 and 3:2 were synthesized. The structure of HDI is
a linear structure, while that of TDI is a substituted
benzene derivative structure. The hypothesis is that when
the functional side chains are conjugated to bis-GMAmolecules to participate in the resin polymerization, the
stereo hindrance of the resin matrix structure is increased,
the crosslinking structure is enhanced, the polymerization
shrinkage is decreased, more toxic resin monomers are
trapped in the complicated resin structure, and finally the
cytotoxicity is reduced. This study was designed to evaluate
the biocompatibility and cytotoxicities of two series of low-
shrinkage dental resin matrices.
Materials and methods
Preparation of resin matrix
The light curable dimethacrylate resin matrix (defined as B
group) was composed of 80 wt% of bis-GMA (Double Bond
Chemical Co., Taipei, Taiwan) and 20 wt% of diluent tri-
propylene glycol diacrylate (TPGDA, Double Bond Chemical
Co.). Two kinds of urethane, TDI (ACROS Chemical Co.,
Geel, Belgium) or HDI (ACROS Chemical Co.) functional side
chain combined with 2-hydroxyethyl methacrylate (HEMA,
ACROS Chemical Co.) were added to bis-GMA to modify the
dental resin matrices with the ratio of TDI or HDI to bis-GMA
being 1:4, 1:2, 1:1 and 3:2 (defined as T1/4, T1/2, T1 and
T3/2 groups or H1/4, H1/2, H1 and H3/2 groups, respec-
tively). Photo initiator, 1 wt% camphor quinone (ACROS
Chemical Co.), was added in all dental resin groups for
light-activated polymerization. All the chemical formulas
are illustrated in Figs. 1 and 2.
Sample preparation
The uncured resin matrix was inserted into a Teflon mold,
which was 6 mm in diameter, and 1 mm in height, and the
top and bottom surfaces were covered with cellular matrix
and glass slide, respectively. Then each resin sample was
cured with Optilux 501 (SDS Kerr, Danbury, CT, USA) for 180
seconds from the top surface. There were five samples in
each group (n Z 5). The light-cured resin samples were
immersed into culture medium for 24 hours to make the
extract solutions. The ratio of the disc surface area to
medium volume was 3 cm2/ml, which met the recommended
standard by International Organization for Standardization
(ISO).15 After immersion for 24 hours, the extract solutions
were filtered with 0.22 mM Millipore filter (Millipore Corpo-
ration, Billerica, MA, USA) and ready for use.
Cell culture
Primary human gingival fibroblasts were cultured and char-
acterized as described previously.2 This study was
performed according to a protocol approved by the Institu-
tional Review Board, College of Medicine, National Taiwan
University, Taipei, Taiwan. The gingival tissue removed
Figure 1 Synthesis of the urethane (TDI)-modified dimethacrylate.
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in phosphate-buffered saline (PBS), and then placed in
tissue-culture dishes. The gingival fibroblasts were incu-
bated in Dulbecco’s modified eagle’s medium (DMEM) with
10% fetal bovine serum (FBS), 100 U/mL penicillin, and
100 mg/mL streptomycin (Gibco BRL, Gaithersburg, MD) at
37 C in the incubator in 5% CO2 and 100% humidity. The
sixth passage of cells was used for this experiment.
Cytotoxicity tests
After incubation and subculture, the gingival fibroblasts
were plated in 96-well cell culture dishes with 5000 cells/well (200 mL/well). After 24 hours, the old media in the 96-
well dish were removed, the cells were rinsed with PBS,
different 24-hour-aged extract solutions were added into
the wells, and the cells were incubated with the extract
solutions (nZ 5, for each group) for 72 hours. The negative
control group was placed in the fresh medium only (defined
as C group, n Z 5). After incubation for 72 hours, the cell-
produced ROS level was measured and succinate dehydro-
genase (SDH) activity of the cells was determined by
microtitertetrazolium (MTT) assay.16,17 The oxidation-
sensitive fluorescent probe was 20,70-dichlorofluorescin
diacetate (DCFH- DA, Sigma-Aldrich, St. Louis, MO, USA).
Dichlorofluorescein (DCF) is the oxidized form of DCFH-DA,
Figure 2 Synthesis of the urethane (HDI)-modified dimethacrylate.
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of 495 nm. At the end of the experimental period, the
medium was removed and cells were washed twice with
PBS. Subsequently, DCFH-DA (20 mM) in PBS was added to
the cell culture for 20 minutes at 37 C in the dark. The
formation of DCF was monitored fluorometrically for 60
minutes at an excitation wavelength of 495 nm and an
emission wavelength of 530 nm.17 The cell viability and ROS
levels of the experimental groups were measured and
expressed as the absorbance ratio compared with the
negative control group. The morphologic changes of cells
cultured in different extract solutions were observed using
phase contrast microscope.
Statistical analysis
One-way analysis of variance and the Tukey-Kramer post-
hoc tests were used to analyze the data. The data wereconsidered significant if the p value was less than 0.05.
StatView 5.0 software (SAS Institute Cary, NC, USA) was
used for the statistical analysis.
Results
The cell vitality for each group is shown in Fig. 3. The SDH
activity of the C group was significantly higher than that of
T1/4 or B group (p < 0.05). On the other hand, there was no
significant difference in SDH activity between C group and
any one of the HDI-modified groups (p > 0.05). However,
the cell viability in T1 or T3/2 group was significant higher
than those in B, T1/4, H1/4, H1/2 and H1 groups (p < 0.05).
There was no significant difference in the cell-produced
ROS level between the C group and any one of experimental
groups (p > 0.05). However, the cell-produced ROS levels of
the TDI-modified groups were lower than or equal to those
of the HDI-modified and B groups (Fig. 4). The B group had
Figure 3 The succinate dehydrogenase (SDH) activities in all dental resin groups. If two different groups carry the same letter,
there is no significant difference between these two groups (p > 0.05); otherwise there is a significant difference between these
two groups (p < 0.05).
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ROS level.
The morphologic changes of cells cultured with extract
solutions obtained from different experimental groups
were observed using phase contrast microscope (Fig. 5).
The cell numbers of T1/4, H1/4, and H1/2 groups were
lower than those of other groups. The cells of the T1/4
group were round, which were different from the original
spindle shape of gingival fibroblasts. The cytoplasm of cells
in the H1/4 and H1/2 groups shrank. On the contrary, the
cell numbers increased in T3/2 and H3/2 groups, suggesting
that resins of T3/2 and H3/2 groups are less cytotoxic. InFigure 4 The reactive oxygen species (ROS) levels in all dental res
no significant difference between these two groups (p > 0.05); o
groups (p < 0.05).Group B, the cytoplasm of cells shrank slightly and the cell
number decreased.Discussion
From the results of MTT assay, with the same functional
side chain ratio, the SDH activities of cells in the TDI-
modified groups were higher than those in the HDI-modified
groups. The main structure of TDI is a benzene ring, while
that of HDI is a linear structure. When the resin matrix
polymerized and crosslinking network was formed, thein groups. If two different groups carry the same letter, there is
therwise, there is a significant difference between these two
Figure 5 The morphology of human gingival fibroblasts cultured in different extract solutions under the phase contrast micro-
scope. The cell numbers in T1/4, H1/4, and H1/2 groups were lower than those in other groups. The cells of T1/4 group were round
and the cytoplasm of cells in H1/4 and H1/2 groups shrank. In contrast, the cell numbers increased in T 3/2 and H 3/2 groups. In
Group B, the cytoplasm of cell shrank slightly and the cell number decreased.
354 Y.-D. Jan et al.structural obstacle of TDI was greater than that of HDI.
Because the resin network structure containing TDI had
greater stereo hindrance than that containing HDI, the
former resin could trap more uncured resin monomers in
the complicated resin structure than the latter resin, and in
turn could prevent the residual resin monomers from
dissolving in water or saliva. This may explain why the
TDI-modified resin matrices are less cytotoxic than the
HDI-modified resin matrices.
The leached-out uncured monomers are the main
molecules that cause oxidative stress to the cells and
cytotoxicity.17,18 The bis-GMA-TPDGA resin mixture (Group
B) without functional side chain modification could release
greater amount of resin monomers upon immersion into
culture medium, and thus could induce the highest level of
ROS produced by cells. From Fig. 5, the cells in the B group
presented shrunk cytoplasm and fewer cell numbers, which
further confirmed that the uncured resin monomers
leaching out from the resin structures could result in
cellular damage and might be the main molecules causing
cytotoxicity. In addition, the cytoplasmic shrinkage was
more significant in the H1/4 group and H1/2 group with less
SDH activities. This finding indicates that the resin network
structures need more functional side chains to providesufficient stereo hindrance to prevent the leach of residual
uncured monomers into the culture medium.
The ROS may affect not only cell vitality but also the
cytoskeleton of cells.19e22 The actin cytoskeleton is
affected by ROS directly, usually by changing the redox
state of some regulatory proteins or actin.22 Go´mez-Men-
dikute19 pointed out that ROS produced by Cu and Cd make
cells less developed and adopted with a round shape
without extensions. Similar results were also observed in
this study. Cells of the T1/4, H1/4, and H1/2 groups dis-
played less extensions, more shrunk cytoplasm, and
rounder shape than other groups, indicating that resin
matrices of a lesser amount of functional side chains are
more toxic. The ROS levels of T1/4, H1/4, and H1/2 groups
were similar to those of T1/2, T1, H1, and H2/3 groups.
However, the results of MTT assay and cell morphology of
T1/2, T1, H1, and H2/3 groups were similar to those of C
group. These findings suggest that only a portion of cell-
produced ROS in T1/4, H1/4, and H1/2 groups are
measurable and the rest of cell-produced ROS may be
consumed to cause cell damage and cytoskeleton changes.
In conclusion, the biocompatibility of dental resin matrix
is related to the stereo hindrance of resin matrix molecular
structures. When the ratio of TDI or HDI functional side chain
Biocompatibility of two resin matrices 355to bis-GMA is increased, the stereo hindrance of resin
structure is increased, more toxic resin monomers are
trapped in the complicated resin structure, and thus the
resin matrix reveals less cytotoxicity. Compared to the resins
of the T1/4 and H1/4 groups, the resins of T1/2, T1, T3/2,
and H3/2 groups revealed no significant cytotoxicity and
might be good dental resins for clinical use in the future.Acknowledgments
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